A new scaffold for organocatalysis of the DielseAlder reaction is disclosed; an isoxazolidine ring forms the core of the catalyst and its activity is enhanced by judicious fusion of a second five-membered heterocycle to the c-edge. The catalyst performance is improved by the incorporation of an endo-cyclic electron withdrawing group adjacent to the fusion point. The organic core is effective only in the presence of an acid co-catalyst and whilst the two-component system shows potential as an enantioselective catalyst it is demonstrated that stereocontrol is a feature of the organic core and is fully independent of the choice of co-catalyst.
Introduction
Over the last decade organocatalysis has emerged as a vibrant research area and a wide repertoire of synthetic transformations has been demonstrated. 1e3 A range of catalyst architectures with varying modes of operation have been developed and whilst SOMO 4 and counter ion catalysis 5 are at early stages of development many applications of enamine, 6 iminium 7 and hydrogen bonding catalysis 8 have been reported. To-date the most successful catalysts are derivatives of the five-membered, secondary amine heterocycles proline 9 and imidazolidinone. 10 However, recent developments of iminium ion catalysis indicate significant enhancement of activity with catalysts bearing a second heteroatom a-to the secondary amine. Thus, conformationally rigid hydrazides, e.g. 1, 11,12 cyclic and acyclic hydroxylamine or hydrazine derivatives, e.g. 2, 3, 13,14 are
shown to be effective catalysts, Fig. 1 .
Significantly, a recent report finds isoxazolidines and pyrazolidines poor catalytic scaffolds, and concludes that catalysts designed with an a-heteroatom should be based on a six-membered ring and incorporate an exo-cyclic electron withdrawing group on the b-position, e.g. 4. 15 In contrast, in this paper we describe significant organocatalytic activity of the 5,5-bicyclic isoxazolidines 5e7, Fig. 2 .
Featuring a five-membered ring, a secondary amine and an a-heteroatom NH-isoxazolidines bear the critical architectural elements of an organocatalyst designed to accelerate organic transformations through LUMO-lowering iminium catalysis. Conformational rigidity was built into the catalyst design and the first candidates were the bicyclic isoxazolidines 5 with an aryl substituent at the ring junction and an endo-cyclic electron attracting carbonyl group b 0 -to the nucleophilic nitrogen atom. The organic core of the catalyst was prepared as described elsewhere 16, 17 and the DielseAlder cycloaddition between cyclopentadiene and trans-cinnamaldehyde, Scheme 1, was selected as the model reaction for testing catalytic activity. 
Results and discussions
Initial catalytic runs, analysed by 1 H NMR spectroscopy, employed 5a together with a range of acid co-catalysts including HCl, TFA, H 2 SO 4 , HClO 4 , tartaric acid and 1,1 0 -binaphthyl-2,2 0 -diyl hydrogen phosphate 9. No relationship was observed between catalytic activity and acid pK a and whilst perchloric acid was almost as effective as (þ)-10-camphor sulfonic acid (CSA), with a future view to counter ion and enantioselective organocatalysis, the latter was selected as co-catalyst of choice for further study (entries 1e8, Table 1 ). A time study revealed 71% conversion at 2 h rising to near quantitative results after 48 h (entries 9e12, Table 1 ). We identified 6 h reacting time as the most suitable for performance limitation studies. Further, it is noted that the simple mixing of equimolar amounts of the organic core with (þ)-10-CSA furnished the same result as the preformed salt (entry 13, Table 1 ). Control runs indicated neither the bicycle nor CSA alone promoted the reaction (entries 14, 15 Table 1) . A comparison of reactivity with 1, 5 and 10 mol % catalyst loadings determined the limitation of catalytic activity. With lower loadings after 6 h reaction time the extent of conversion to the products was poor to moderate. After 24 h a significant improvement in product yield was noted (entries 16e18, Table 1 ), however, the performance of the catalyst was deemed optimal at 10 mol % loading. The activity of 5a$(þ)-10-CSA was subsequently studied in a variety of solvents (6 h, rt 14 Whilst no effort was made to re-isolate the catalyst at the end of the reaction 1 H NMR spectral analysis of the crude reaction products showed resonance signals attributable to the parent bicycle 5a so confirming the stability of the catalyst to the reaction conditions. There is little precedent for the existence of iminium ions of isoxazolidine frameworks; aside from sporadic mention as transient intermediates 19, 20 to the best of our knowledge the benzisoxazolium trifluoroacetate 10, Fig. 3 , is the only claimed stable cation. 21 Thus, in support of an intermediary iminium species in the catalytic cycle, interaction between equimolar amounts of the isoxazolidinium salt, 5a$(þ)-10-CSA, and trans-cinnamaldehyde was followed by 1 models of Z-and E-12 were examined and these suggest E-12 suffers significant repulsive non-bonding interactions between the substrate olefin and the oxo-group; Z-12 is thus most likely to represent the adopted geometry, Fig. 4 .
To explore the scope of the reaction electron rich and electron poor dienophiles o-, and p-nitrocinnamaldehyde and o-and p-methoxycinnamaldehyde were selected as reaction partners with cyclopentadiene. As shown in entries 1e4, Table 2 , product yields and selectivities varied significantly. It is known that the kinetics of iminium promoted reactions may depend both on iminium formation and the carbonecarbon bond forming event 10b or simply on the latter. 23 Thus, steric effects are believed to account for the poor yield of DielseAlder products from cycloaddition of cyclopentadiene to o-(52%) with respect to p-nitrocinnamaldehyde (86%). The reduced electrophilicity of the aldehyde and the H-bonding potential are likely responsible for the wide span in product yield from reaction of p-(16%) and o-methoxycinnamaldehyde (83%) with the diene. In the former case mesomeric donation may dominate causing the low yield. It is acknowledged that subtle interplays of H-bonding networks can determine the overall reaction profile of iminium ion formation 24 and we postulate, as shown in Fig. 5 , that a H-bonding interaction involving the o-OMe substituent and the NH-of the catalytic system may assist iminium formation through anchorage of the relevant functional groups as well as reducing mesomeric donation to the aldehyde culminating in the high yield of DielseAlder products from reaction of o-methoxycinnamaldehyde.
In order to test the tolerance of the catalytic core to structural variation the bridgehead phenyl was replaced by furyl and thienyl rings. However, neither 5b$CSA nor 5c$CSA were as effective as 5a$CSA in promoting the DielseAlder reaction with cycloadducts furnished in just 35 and 60% yield, respectively. In each case, involvement of an intermediate iminium species is supported by a preference for the exo-adduct (w57:43), Table 2 , entries 5e7. In rationalising the reduced reactivity of the heteroaryl analogues of 5a we propose an intramolecular H-bond between the isoxazolidine NH and the pendant heterocycle may increase the activation energy of the iminium forming step. The particularly sluggish reactivity of 5b may result from a furan-HX interaction involving both the p-electron system and the lone pair. The thiophene-HX interaction is expected to involve only the p-electron system 25 and this may account for its more minimal impact on catalytic activity. In a further probe of structure/activity relationships catalytic systems based on the lactam fused isoxazolidines 6aec were examined. Results for the DielseAlder reaction in the presence of 6aec$(þ)-10-CSA, summarised in Table 2 , entries 8e10 suggest no significant change in reactivity followed from replacement of the electron withdrawing endo-cyclic ester of 5 with the amide in 6.
To determine if the b 0 -electron withdrawing lactone and lactam groups of 5 and 6 were important for catalytic activity the pyrrolidine fused isoxazolidines 7 were designed and their CSA salts prepared. The catalytic performance of diamine-protic acid organocatalysts is known to be sensitive to the acid/amine ratio. 26e28 A comparison of the pK BH þ values, obtained from ACD labs, 18 of the parent heterocycles suggest that the N-methyl pyrroloisoxazole 7a should preferentially protonate at the tertiary amine and will require a second equivalent of CSA to form the isoxazolidinium salt. Indeed, under standard reaction conditions, 7a$CSA was an ineffective catalyst, however, with 20 mol % (þ)-10-CSA catalytic activity was observed and cycloadducts, obtained with exo-selectivity, were isolated in 65% yield (Table 2 , entries 11, 12) . The N-phenyl analogue, 7b proved equally active with the employment of either 10 or 20 mol % (þ)-10-CSA and cycloadducts were furnished in yields of w63% (Table 2, The potential of a b-electron withdrawing group to enhance the performance of a-heteroatom organocatalysts has previously been noted. Ogilvie believes this feature accelerates iminium hydrolysis 22 whilst Tomkinson, following from an observation that the synergistic effect of an a-heteroatom and a b-carbonyl group is more prominent in anhydrous than in aq MeOH, 14 believes the carbonyl moiety functions as a proton shuttle. To understand better the structure activity of relationships of the bicyclic isoxazolidine catalysts 5e7 the DielseAlder reactions were repeated in anhydrous MeOH. The pyrrolidine fused catalysts 7a,b$CSA performed more poorly in dry solvents with yields dropping by 13e30% (Table 3 , entries 6e8) whilst increases in yields of similar magnitudes were observed for the lactone/lactam fused isoxazolidines 5/6aec$CSA ( Table 3 , entries 1e5). These results clearly highlight the involvement of the b 0 -carbonyl in the catalytic cycle, and we conclude that a carbonyl group located sufficiently intimately to the secondary amine can enhance catalytic performance in anhydrous solvents. The apparent acceptance of the location of this group either endo-or exo-cyclic, and either b-or b 0 -to the secondary amine broadens the possibilities for future catalyst design.
Tricyclic benzopyranoisoxazolidine derivatives have found success as chiral auxiliaries for asymmetric alkylation 29 and with a future goal to develop an enantioselective organocatalyst 5a was resolved employing either (þ)-or (À)-CSA as resolving agent. HPLC analysis confirmed (À)-5a was obtained optically pure whilst (þ)-5a was furnished with w90% ee. Prior to testing the enantiocontrol with catalytic systems based on the resolved bicycles we explored the possibility for counter ion directed organocatalysis. 5, 30, 31 Control experiments confirmed that rac-5a, in combination with either (þ)-or (À)-CSA, furnished products with essentially with no enantioenrichment. Similarly, no enhancement was observed with (þ)-or (À)-1,1 0 -binaphthyl-2,2 0 -diyl hydrogen phosphate 9 nor with the more sterically demanding (R)-TRIP 13 as co-catalyst with rac-5a; in the case of (R)-TRIP, limited solubility of the co-catalyst is reflected in the poor chemical yield, results are summarised in Table 4, entries 1e5. The failure to detect any enantioselection with the racemic bicycle rules out the possibility for counter ion directed catalysis with this system. Gratifingly, catalytic systems based on (þ)-5a furnished Dielse Alder products with a modest degree of enantioselectivity. For f Those reactions catalysed by salts of (þ)-5a provide products with the opposite sense of enrichment compared to those promoted by salts of (À)-5a. example, the reaction promoted by (þ)-5a(þ)-CSA at 25 C furnished the exo-adduct with 58% ee and the endo-adduct with 41% ee, similar diastereomeric and enantiomeric selectivity was observed with (À)-CSA as co-catalyst (Table 4 , entries 6,7). In reactions catalysed by (À)-5a in combination with either (þ)-or (À)-CSA yields and selectivities (opposite sense) were slightly lower (Table 4, entries 8,9 ). Whilst the rate of the DielseAlder reactions were significantly compromised at reduced temperature there was only a marginal improvement in enantioselectivity at À20 C [see Supplementary data]. The sense of asymmetric induction is consistent with selective formation of the Z-iminium ion and the shielding of one face of the catalyst framework by the bridgehead phenyl substituent as shown in Fig. 6 .
Catalytic activity was lower with the phosphinic acid co-catalyst (þ)-and (À)-9, however, in all cases the enantiocontrol paralleled that seen with corresponding CSA salts, chemical yields were too low with (R)-TRIP 13 as co-catalyst to permit comment on enantiocontrol (Table 4 , entries 10e15). The results in Table 4 do not provide evidence for the operation of matched or mis-matched pairs with the two component catalytic systems based on (þ)-or (À)-5a with either enantiomer of CSA or the phosphinic acid 9. Thus, we hypothesised that enantiocontrol may rest entirely with the bicyclic nucleus. To demonstrate independence from the counter ion, catalytic systems based on (þ)-5a with HClO 4 , HCl and rac-9 were examined. In all three cases, ( Table 4 , entries 16e18) the reaction products were formed with almost the same selectivity as observed with (þ)-5a$(þ)-CSA as catalyst.
In an effort to optimise enantiocontrol the model reaction was screened in a range of solvents. The results, summarised in Table 5 indicate, as previously observed for bipyrrolidine organocatalysts, 32 lower chemical yields and enantioselectivities in organic solvents in comparison to aq methanol. In particular, reactions in toluene and diethyl ether provided the exo-adducts in highest enantioselectivity whilst in dioxane the endo-adducts were formed more selectively.
Conclusion
We have discovered a new scaffold for organocatalysis of the DielseAlder reaction. The active catalyst comprising an isoxazolidine ring with a second five-membered ring fused to the cedge, is successfully used with camphor sulfonic acid as co-catalyst. The catalytic activity is influenced by the nature of the aryl group at the fusion point and is sensitive to reaction solvent. Those catalysts featuring a b 0 -endo-cyclic electron withdrawing group are most effective in anhydrous MeOH whilst those lacking this functionality perform better in wet MeOH. The conformational rigidity of the 5,5-bicycle together with the judiciously positioned endo-cyclic carbonyl group combine to provide a valuable catalytic framework in contrast to monocyclic five-membered a-heteroatom heterocycles, which are ineffective promoters of iminium ion mediated DielseAlder reactions. 15 1 H NMR studies confirm an intermediary iminium ion in the catalytic cycle and although initial results are modest, the potential for asymmetric induction, arising from the organic core of the catalytic system, and independent of the counter ion, has been demonstrated.
Experimental

General
Solvents were dried and purified in accordance with established procedures. 33 developed sheets were visualised using a portable UVItec CV-006 lamp (l¼254). Analytical gas-phase chromatography (GC) was performed on a PerkineElmer Clarus 500 using a SUPLECO Beta Dex 110 fused silica capillary column (30 mÂ0.25 mmÂ0.25 mm; 160 C then 2 C/min to 200 C). High Performance Liquid Chromatography (HPLC) was performed on a PerkineElmer Totalchrom v.6.2.0.0.1 or Gilson analytical HPLC using a CHIRALCEL OD analytical column in both cases (250Â4.6 mm) [flow rate 1 mL/min, iso-propyl alcohol/hexane 1:1]. Optical rotations were measured on an Optical Activity AA 100 polarimeter in a 2 dm polarimeter tube. Reactions at 25 C were carried out in a Grant W14 water bath without stirring. Low-temperature reactions were carried out in an ethanol bath and the temperature was controlled by a Julabo FT920 cooler.
Typical experimental procedure for catalytic runs
To a solution of the organic catalyst (0.076 mmol, 10 mol %) and acid co-catalyst (0.076 mmol, 10 mol %) in MeOH/H 2 O 19:1 (0.78 mL) was added trans-cinnamaldehyde (100 mg, 0.76 mmol) and the resulting solution was stirred at rt for 5 min. To this solution was added freshly cracked cyclopentadiene (150 mg, 2.273 mmol, 3 equiv) in a single aliquot and the solution was maintained at 25 C for a further 6 h. The reaction solvent was evaporated and hydrolysis followed by stirring a CHCl 3 (2 mL), TFA (1 mL) and H 2 O (1 mL) solution of the residue for 3 h at rt. The solution was neutralised with satd aq NaHCO 3 , the organic layer was extracted with DCM (2Â10 mL), washed with H 2 O (5 mL), dried (MgSO 4 ), filtered and evaporated to yield the crude product as a brown oil. Purification by flash column chromatography followed (SiO 2 , Hex/EtOAc 98:2). 1 H NMR spectral analysis of the crude reaction mixtures was used to establish the extent of conversion of the starting material as well as the product exo/endo ratio through the integration of the signals representing the respective aldehyde protons.
1 H NMR data for the cycloaddition products agreed with previously reported literature values. 14 The enantiomeric ratios were determined and diastereomeric ratios confirmed by GC analysis retention time; exo isomers: 10.31 and 10.52 min, endo isomers: 10.79 and 10.96 min.
4.2.1. Preparation of the camphor sulfonic acid salt of racemic 5a, 5a$ (þ)-10-CSA 6-oxo-6a-phenyltetrahydro-1H,3H-furo [3,4-c] [1, 2] oxaz ol-1-ium (7,7-dimethyl-2-oxobicyclo[2.2.1]hept-1-yl)methane sulfonate. Hot acetone (1 mL) was added to a flask containing rac-5a (100 mg, 0.49 mmol) and (þ)-10-CSA (133 mg, 0.488 mmol). The resulting solution was allowed to stir at rt until the title salt precipitated as a white solid (228 mg, 98%); [found: C, 57.58; H, 6.22 0 -diylhydrogen phosphate with rac-5a, 5a$(þ)-9 6-oxo-6a-phenyltetrahydro-1H,3H-furo [3,4- Following extraction with CH 2 Cl 2 optical purity was measured by HPLC using a chiracel OD column, mobile phase Hexane/iso-propyl alcohol (1:1), flow rate 1 mL/min; (þ)-5a 7.9 min; (À)-5a 9.1 min (þ)-5b was found with 90% ee; (À)-5a was found enantiomerically pure.
